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ABSTRACT 

Pho to ion iza t ion  r a t e s  i n  t h e  E and F r eg ions  were computed on 

t h e  b a s i s  of r e c e n t  da ta  on s o l a r  u l t r a v i o l e t  f l u x ,  r e f e r e n c e  atmos- 

phere ,  and abso rp t ion  c ros s - sec t ions .  These rates were found t o  be 

t e n  t o  hundred t i m e s  l a r g e r  than previous va lues  but  i n  harmony 

v * :  el. t h e  reqiiisite ra tes  dediiced f r o m  r a d i o  propagation s t i i d i e s .  

Our r e s u l t s  show t h a t  t h e  E reg ion  i o n i z a t i o n  i s  mainly due 

t o  r a d i a t i o n  i n  t h e  s p e c t r a l  range 900-1027 A and less than 5 percent 

t o  s o f t  X-rays. The base of t h e  E r eg ion ,  95-105 km, i s  c o n t r o l l e d  

l a r g e l y  by Lyman b e t a .  

l i n e  a t  977 A ,  and o the r  l i n e s  i n  the  range 900-1000 A c o n t r i b u t e  t o  

t h e  upper E r eg ion .  

The Lyman continuum (911-850 A ) ,  t h e  C I11 

The e l e c t r o n  product ion  i n  the  F r eg ion  i s  p r i m a r i l y  due t o  

u l t r a v i o l e t  r a d i a t i o n  i n  t h e  range 100-900 A .  A t  s u n r i s e  t h e  maximum 

i o n i z a t i o n  ra te  i s  a t  about 300 k m ,  roughly co inc id ing  wi th  t h e  peak 

of n igh t t ime  e l e c t r o n  d e n s i t y  but t he  maximum descends - t o  about 150 km 

f o r  z e n i t h  sun. The F peak i s  appa ren t ly  due t o  t h e  combined r e s u l t  

of t h e  daytime enhancement of  e l e c t r o n  d e n s i t y  and t h e  slow recom- 

b i n a t i o n .  The F l edge  follows the  maximum of i o n i z a t i o n  and descends 

t o  150 km as  t h e  s o l a r  z e n i t h  angle  goes from 90 t o  OO.  Elec t ron  

d e n s i t i e s  computed w i t h  t h e  a i d  of observed recombination c o e f f i c i e n t s  

a re  i n  good agreement wi th  va lues  obtained from r o c k e t s  and sa te l l i t es .  
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I .  INTRODUCTION. Although some thousands of p a p e r s  have 

d iscussed  t h e  formation, n a t u r e ,  and behavior of t h e  E and F r eg ions  of 

t h e  ionosphere ,  as  ye t  w e  do no t  have a q u a n t i t a t i v e  and g e n e r a l l y  

accep tab le  d e s c r i p t i o n  of t h e  o r i g i n  of  t h e s e  r e g i o n s .  

a few review a r t i c l e s  shows t h a t  our knowledge of t h e  b a s i c  da t a  on 

s o l a r  r a d i a t i o n  f l u x ,  concen t r a t ion  o f  atmospheric c o n s t i t u e n t s  a t  

v a r i o u s  a l t i t u d e s ,  and pho to ion iza t ion  c r o s s  s e c t i o n  as  w e l l  a s  t o t a l  

c r o s s  s e c t i o n  of each c o n s t i t u e n t  a t  v a r i o u s  wavelengths has been very  

inadequate ,  so t h a t  a n  i n v e s t i g a t o r  had t o  r e s o r t  t o  assumptions o r  

rough estimates i n  o r d e r  t o  a r r i v e  a t  conclus ions .  For example, some 

i n v e s t i g a t o r s  have a s c r i b e d  t h e  i o n i z a t i o n  i n  t h e  E r e g i o n  t o  s o l a r  

x - r ays ,  wh i l e  o t h e r s  have g iven  p re fe rence  t o  t h e  pho to ion iza t ion  of 

0 by s o l a r  u l t r a v i o l e t  r a d i a t i o n  i n  t h e  s p e c t r a l  range  900-1027 A .  

A d e c i s i o n  can be  made r e a d i l y  a s  soon a s  t h e  f l u x  i n  t h e  r e l e v a n t  

s p e c t r a l  ranges  i s  q u a n t i t a t i v e l y  e s t a b l i s h e d .  I n  o the r  words, w e  

have t o o  many t h e o r i e s  on t h e  o r i g i n  o f  t h e  ionosphere,  and now t h e  

problem a p p e a r s  t o  be  one of determining t h e  r e l a t i v e  importance of 

s e v e r a l  p o s s i b l e  mechanisms on t h e  bas i s  of new d a t a .  

A s tudy  of even 

2 

I n  t h e  p a s t  s e v e r a l  y e a r s ,  major advances have been made i n  t h e  

measurements of t h e  necessary  d a t a ,  p , a r t i c u l a r l y  by means of 

r o c k e t s  and s a t e l l i t e s .  

p r e c i s e ,  one can make a more d e t a i l e d  and q u a n t i t a t i v e  s tudy  of t h e  

p h o t o i o n i z a t i o n  rates than  it was previous ly  p o s s i b l e .  N ico le t  and 

Aiken ( l )  have a l r e a d y  made a r a t h e r  thorough s tudy  of t h e  D r eg ion  

Although some of t h e  da t a  a re  not  s u f f i c i e n t l y  

1 



which involves  r a d i a t i o n  i n  the  s p e c t r a l  ranges 1100-1340 A and below 

10 A .  I n  the  p re sen t  s tudy ,  w e  a r e  p r i m a r i l y  concerned wi th  the E and 

F reg ions  which involve a d i f f e r e n t  s p e c t r a l  range ,  10-1100 A .  

Before w e  c a l c u l a t e  the i o n  product ion r a t e s  w e  must make 

some s e l e c t i o n s  from the  three  ca t egor i e s  of bas i c  data because these  

d a t a  are n o t  f i rmly  e s t a b l i s h e d ,  and i n  some cases  they d i sag ree  by 

more than an  order  of magnitude. Despi te  the u n c e r t a i n t i e s  inherent  i n  

such s e l e c t i o n s ,  there exist sdme r e l i a b l e  observa t ions  which can guide 

us towards a f a i r l y  c o n s i s t e n t  s e t  of parameters.  

11. SOLAR ULTRAVIOLET FLU. The major obse rva t iona l  gap i n  

the  s o l a r  spectrum, 100-1100 A ,  has been l a r g e l y  c losed  during the  p a s t  

, Rense e t  a l .  two years  by the  work of Hinteregger e t  a l . '  9 

and Tousey e t  a l .  . Their  r e s u l t s  show t h a t  the s o l a r  spectrum i n  

t h i s  r eg ion  i s  q u i t e  d i f f e r e n t  from a l l  previous e s t ima tes  o r  assumed 

s p e c t r a ,  and f o r  t he  f i r s t  t ime, c a l c u l a t i o n s  of ion-product ion r a t e s  

f o r  t he  E and F reg ions  can be  based on r e a l i s t i c  va lues  of s o l a r  f l u x .  

( 3 )  ,(2) 

( 4 )  I 

The s o l a r  spectrum i n  the  range 100-1100 A i s  very complex; 

t h e r e  a r e  many emission l i n e s  both weak,and s t rong  and the re  a r e  a l s o  

emission cont inua such as the Lyman continuum of hydrogen which pro- 

v i d e s  a s i g n i f i c a n t  amount of energy. Therefore ,  the  ion-product ion 

rates must be c a l c u l a t e d  i n  terms of s o l a r  f l u x  a t  many wavelengths 

r a t h e r  than i n  t e r m s  of a s i n g l e  continuum such as a blackbody curve or 

a few emission l i n e s .  



According t o  t h e  r e s u l t s  of t hese  observers ,  t h e  i n c i d e n t  s o l a r  

u l t r a v i o l e t  f l u x  i n  t h e  s p e c t r a l  region 100-1100 A i s  much l a r g e r  than 

a n  ear l ie r  estimate, 0.1 e r g  cm-2sec 

example, according t o  Tousey's prel iminary photographic d a t a  (4)  t h e  in -  

t e n s i t y  o f  Lyman be ta  (1025.7 A) a l o n e  i s  0.06 e r g  cm-2sec-1; Hinteregger  

us ing  a p h o t o e l e c t r i c  technique has  observed a combined f l u x  of 2.8 e r g s  

cm-'sec 

and Rense (3)  e x t r a p o l a t e d  as  much a s  15 e r g s  cm-2sec-1 f o r  t h e  H e  I1 

l i n e  a t  304 A from photographs obtained a t  about  200 km. 

(5) For by Havens e t  a l .  -1 

c, -1 i n  t h e  range 60-1000 A a t  a n  a l t i t u d e  o t  21U km;  w h i l e  Keese 

I n  t h e  p r e s e n t  s tudy ,  t h e  magnitude o f  t h e  minimum ion  product ion 

rates w a s  used as  a guide t o  select  t h e  s o l a r  f l u x  from t h e  a v a i l a b l e  

d a t a .  Bates ( 6 )  has a l r e a d y  pointed ou t  t h a t  t h e  f l u x  used by 

Havens , Friedman, and Hulburt  (5) lead t o  i n s u f f i c i e n t  i o n i z a t i o n  

ra tes .  

l i n e  ( 3 )  gives  too  high rates of i o n i z a t i o n  when t h e  f l u x  of o t h e r  

emission l i n e s  and continua i s  p r o p o r t i o n a t e l y  included.  Some pre-  

l i m i n a r y  c a l c u l a t i o n s  f o r  t h e  a l t i t u d e  range 90-400 km i n d i c a t e d  t h a t  

t h e  d a t a  by Hinteregger  (2) and Tousey ( 4 )  l ead  t o  reasonable  i o n i z a t i o n  

rates . 

On t h e  o t h e r  hand, t h e  f l u x  of 15 e r g s  cm-2sec-1 f o r  t h e  H e  I1 

The s o l a r  f l u x  shown i n  Table  1 w a s  used i n  our computation of 

pho to ion iza t ion  r a t e s .  For t h e  s p e c t r a l  range 900-1027 A ,  t h e  

l i s t e d  v a l u e s  l i e  between those  by Tousey and by Hinteregger ,  t h e  

l a t t e r  being h igher .  For t h e  range 100-911 A ,  t h e  s e l e c t e d  f l u x  i s  

abou t  30 percent  higher  than t h e  f l u x  observed by Hinteregger e t  a1 (2 )  

zt 219 kz hct  is z b c ~ t  c ~ e - t h i r c !  their  e x t r a p o l a t e d  va lue .  Such a n  
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Table 1 

I 

Solar flux, Io in 10 8 photons cm'2 sec-l, for the spectral range 

1027-10 A at normal incidence outside of Earth's atmosphere. The Io's 

of weak lines and continuum are lumped together for each interval, 

while the prominent lines are listed separately. 

IO IO 

1025.7 Ly 
loll l i n e s  

989 .8  N I11 
977.0 C I11 
972.5 Ly 5 
937.8 Ly e 
934,944 s VI 
9 30 - 1000 
911-930 
850-911 
8 34 0 11,111 

1000- 1027 

949.7 Ly $- 

800-850 
788,790 0 IV 
770,780 Ne I11 
650-800 

35 
2.5 
3 .5  

1 0  
29 

9.7 
4 . 0  
2 .3  
1.9 
6 .7  

13.7 
134 

6 
21 

5 
5 

7 1  

629.7 
610,625 
584.3  
554 
537 
520 
500-650 
499 
303.8 
300-500 
250-300 
170-250 
100-170 

60-100 
40-60 
20-40 
10- 20 

o v  
Mgx 
He1 
0 IV 
He1 
S i  XI1 

Si XI1 
He I1 

10 
10 
15 

2 
4 
9 

6 0  
5 

6 8  
6 3  
2 1  
25 

4 , 5  
4 . 2  
0 . 5  
0 . 1 5  
0.015 



e x t r a p o l a t i o n ,  of course ,  depends on the choice of r e fe rence  atmosphere 

and abso rp t ion  c r o s s  s e c t i o n s ;  i n  the  p re sen t  ca se ,  t he  c o r r e c t i o n  i s  

much l e s s ,  as d iscussed  below i n  Sect ion V .  For t h e  reg ion  10-100 A ,  t h e  

t o t a l  f l u x  given i n  T a b l e  1 i s  a l i t t l e  h igher  than the  0 .1  e rg  cmS2 

(7 )  sec  

photon counters  t o  a s i n g l e  coronal  temperature .  Some va lues  i n  

Table 1 are our e s t ima tes  based on v i s u a l  comparison of emission 

l i n e s  i n  the  s o l a r  spectrum ( 4 )  

i s  probably no more than a f a c t o r  of two, s i n c e  Hinteregger  e t  a l .  

have used a p h o t o e l e c t r i c  technique which i s  very amenable t o  energy 

c a l i b r a t i o n  and q u i t e  i n s e n s i t i v e  t o  s c a t t e r e d  l i g h t .  

who matched the  responses  of t h r e e  -1 obta ined  by Byram et  a l .  

. The u n c e r t a i n t y  i n  the  t o t a l  f l u x  

( 2 )  

The longes t  wavelength i n  Table 1 * corresponds t o  the  

f i r s t  i o n i z a t i o n  p o t e n t i a l  of O2 but i t  should be noted t h a t  photons 

of longer wavelengths can ion ize  0 i n  the  e x c i t e d  s t a t e .  For example, 2 

a t  a temperature of 1000°K about 10 percent  of O2 molecules are i n  the 

f i r s t  v i b r a t i o n a l  l e v e l ;  hence,  r a d i a t i o n  of . wavelengths up t o  1043 A 

can i o n i z e  these  molecules.  I n  the a l t i t u d e  r eg ion  above about 150 km, 

the  s o l a r  0 VI emission l i n e s  a t  1032 A and 1038 A wi th  i n t e n s i t i e s  

( 6  x 10 

produce some i o n i z a t i o n .  

9 photon cm-2sec-1) comparable t o  t h a t  of Lyman be ta  can 

--- “ n . r - n n * m r C \ U T  h h l n  h l l l M R V D  n p r \ l C T T T B S  111. u J i q r u a 1 1 1 w i \  cILyu LIUI IYYL.  Y Y L . Y A - - I - . C  Atmespheric d e n s i t i e s  

i n  the  F reg ion  are now f a i r l y  well  known from s a t e l l i t e  observa t ions .  

These d e n s i t i e s  a r e  about one t o  two o rde r s  of magnitude l a r g e r  than 

e s t i m a t e s  based on ex t r apo la t ion  of e a r l i e r  rocke t  da t a  measured a t  

a l t i t u d e s  below 200 km; i n  p a r t i c u l a r ,  the  l a r g e  discrepancy a t  about 

5 



200 km seems t o  have been removed by r ecen t  rocke t  and s a t e l l i t e  

da ta  (8 through 11). 

The curve of atmospheric d e n s i t y  shown i n  F ig .  1 was 

For d e n s i t i e s  i n  the r eg ion  100-200 km, used i n  the p re sen t  s tudy.  

the r e s u l t s  of Sovie t  rocke t  measurements ( 8 )  

Horowitz and LaGow ( I 2 )  have been used because the  former a r e  more 

c o n s i s t e n t  wi th  s a t e l l i t e  da t a  a t  about 200 km. 

r a t h e r  than those by 

For the  r eg ion  

170-250 km, our curve i s  c l o s e r  to  t h e  s a t e l l i t e  va lues  by Champion and 

Minzner (’) than those  by S c h i l l i n g  and S t e r n e  (lo) ; t h i s  choice 

. For makes our curve nea r ly  co inc ide  with the  Sovie t  rocke t  d a t a  ( 8 )  

the  r eg ion  250-400 km our curve f a l l s  about 20 pe rcen t  below the  r e s u l t s  

of Milchnevich e t  a l .  (8) 

f a l l s  on the  p o i n t s  a t  450 and 750 km given by S i r y  . Thus, our 

r e f e r e n c e  curve does no t  depa r t  very much from most of the  r e c e n t  d a t a ,  

and i t s  unce r t a in ty  is  probably no more than a f a c t o r  of two over most 

of t he  range. 

; however, our  curve ( n o t  shown i n  F i g .  1) 

One of the  s e r i o u s  d e f i c i e n c i e s  i n  our knowledge i s  the  

atmospheric composition i n  the E and F reg ions  which i s  r equ i r ed  t o  

c a l c u l a t e  the number d e n s i t i e s  of major c o n s t i t u e n t s .  Although the  

composition of i o n i c  p a r t i c l e s  has been measured wi th  mass spectrometers  

hy Asertc~n and SnvQet i n v e s t i g a t o r s ,  w e  l ack  d a t a  on n e u t r a l  c o n s t i t u -  

e n t s  which have much larger number d e n s i t i e s .  For example, w e  have no 

exper imenta l  data on the  d i s s o c i a t i o n  of N 2  and the  degree of mixing 

and d i f f u s i o n  i n  the  r eg ion  above 150 km . 



t 
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2 Some t h e o r e t i c a l  c a l c u l a t i o n s  (13 ,14) have i n d i c a t e d  t h a t  N 

i s  n e a r l y  completely d i s s o c i a t e d  i n  the  r eg ion  above 200 km; t h e  

a c t u a l  ca se  seems t o  be q u i t e  t h e  con t r a ry .  For example, t h e  a b s o r p t i o n  

of s o l a r  Lyman gamma i n  Tousey's photographs ( 4 )  sugges ts  t h a t  t h e r e  

are cons ide rab le  amounts of N molecules above 200 km. I s tomin  (15) 
2 

has r epor t ed  t h a t  0 -t- and N 2 +  ions  are p resen t  up t o  500 km and t h e  
2 + 

amount of N i n  t h e  r eg ion  200-400 km appears  t o  be small compared t o  

has presented  curves showing t h a t  t h a t  of 0 . Recent ly ,  N ico le t  + (16) 

NO and atomic n i t rogen  a r e  minor c o n s t i t u e n t s  i n  t h e  r eg ion  above 

100 km up t o  about 400 km. 

Byram, Chubb, and Friedman (17) have r epor t ed  that rocke t  

measurements g ive  45 percent  d i s s o c i a t i o n  of 0 a t  110 km and 67 percent  

a t  130,km. 

va lues :  24 percent  a t  150 km and 65 percent  a t  300 km. 

2 

Bates and N i c o l e t  (18) , however, have used somewhat lower 

I n  view of t h e s e  u n c e r t a i n t i e s ,  w e  have considered s e v e r a l  models 

of atmospheric composition based on d i f f e r e n t  amounts of 0 and N d i s -  

s o c i a t i o n  and d i f f u s i o n .  These models were t e s t e d  a g a i n s t  s o l a r  spectra 

( 2 7 3 , 4 )  a t  va r ious  a l t i t u d e s .  

1000-1500 A were used t o  check 0 abso rp t ion  i n  t h e  a l t i t u d e  range 100- 

150 km and t h e  Lyman gamma l i n e  t o  check N a b s o r p t i o n  a t  higher a i t i c u d e s .  

Such tes t  d i d  not  l ead  t o  a sharp  d i sc r imina t ion  of t h e  s e v e r a l  models, bu t  

a model s imi l a r  t o  t h a t  used by Bates and Nico le t  (18) appeared t o  be  

t h e  most s a t i s f a c t o r y .  This  model assumes a r e l a t i v e l y  low amount of 

0 d i s s o c i a t i o n  a s  mentioned above, n e g l i g i b l e  amount of N d i s s o c i a -  

t i o n  up t o  400 km, and inc reas ing  amount of d i f f u s i o n  above 200 km, 

2 2 

Several  emission l i n e s  i n  t h e  r eg ion  

2 

2 

2 2 
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making the number d e n s i t y  of 0 comparable t o  t h a t  a f  N a t  a l t i t u d e s  

above 300 km. 
2 

The number d e n s i t i e s  n of 0, 0 and N which were used i n  

the p re sen t  s tudy  are l i s t e d  i n  Table 2 . These d e n s i t i e s  are on t h e  

whole somewhat lower than those by Bates and N i c o l e t  (I8) 

adopted somewhat lower atmospheric d e n s i t i e s .  

2 '  2 

s i n c e  w e  

t 

The t ransmiss ion  of s o l a r  u l t r a v i o l e t  r a d i a t i o n  can be 

c a l c u l a t e d  from the  l aye r  th ickness  L which is  def ined  by 

where n i s  the  number d e n s i t y  of a given  c o n s t i t u e n t ,  n i s  Loachmidt 's  

number, s = p a t h  l eng th  i n  cm, and L = l aye r  t h i ckness  i n  cm (at  STP). 

The va lues  computed by numerical  i n t e g r a t i o n  f o r  0, 02, and N2 a t  

v e r t i c a l  inc idence  a r e  l i s t e d  i n  Table 2 .  

0 

L f o r  o t h e r  z e n i t h  angles  Z were a l s o  computed. For Z up 

t o  about  80°, the  f a c t o r  s ec  2 d l  may be used i n  p l a c e  of de i n  Eq. 

the  e r r o r  in t roduced  being smaller than o the r  u n c e r t a i n t i e s .  

1, 

Emphasis should be given t o  the f a c t  t h a t  the  change of L 

This  depend- w i t h  inc reas ing  Z depends roughly on the  " s c a l e  height . ' '  

ence appears  to  be very  important i n  the formation of the  F r e g i o n . s i n c e  

t h e  number d e n s i t y  decreases  r a t h e r  r a p i d l y  wi th  h e i g h t ,  w e  can r ep re -  

s e n t  i t s  d i s t r i b u t i o n  approximately by 

9 



Table 2 

Number density n (in particlcs/cm3) and layer thickness L (in cm 
reduced to STP) at various altitudes h (in km) 

- 

h 

- 
90 

95 

100 

105 

110 

115 

120 

130 

140 

150 

160 

130 

180 

200 

220 

250 

300 

350 

400 

500 

n 

0 O2 N2 

11 7.lxlO 

7.3 

4.2 

2.3 

1.13 

5.8~10 

3.3 

1.29 

6.6~10' 

3.8 

2.5 

1.75 

1.28 

8.1~10 

5.8 

3.7 

1.98 

1.20 

7. 9x107 

3.6 

10 

8 

1.16~10'~ 

4.2x1012 

1.55 

6.5~10" 

2.8 

1.31 

7.1~10 

2.4 

1.10 

5.7~10' 

3.3 

2.1 

1.42 

7. 5x108 

4.6 

2.3 

8. lx107 

3.2 

1.32 

10 

1.9x106 

4. 2x1~13 

1.62 

6.2~10'~ 

2.7 

1.18 

5.7~10 

3.1 

1.09 

11 

5.lXlOlO 

2.7 

1.62 

1.07 

7.3~10' 

4.0 

2.4 

1.12 

3. 8x108 

1.57 

7.2 107 

1.6 

10 

L 

02 N2 0 

3. ~ x I O - ~  

2.36 

1.30 

7. 2x1~-3 

4.1 

2.64 

1.84 

1,07 

7, ~ x I O - ~  

5.6 

4.4 

3.7 

3.1 

2.37 

1.87 

1.35 

8. 4 x m 5  

5.4 

3.6 

1.6 

2. 14x10-1 

8 . 4 ~ 1 0 - ~  

3.6 

1.63 

8. 3x1oo3 

4.7 

2.96 

1.41 

8. 3x10m4 

5.2 

3.6 

2.62 

1.97 

1.22 

7,9x10-; 

4.3 

1.63 

6 , 5 ~ 1 0 - ~  

2.6 

4x10m7 

8.2~10-1 

3.3 

1.46 

7, O X ~ O - ~  

3.7 

2.14 

1.36 

6 . 8 ~ 1 0 - ~  

4.0 

2.63 

1.85 

1.36 

1.03 

6. Z X ~ O - ~  

4.0 

2.1 

8.4~10'~ 

3.8 

1.81 

4 ~ 1 0 - ~  



where % = number d e n s i t y  of a p iven  c o n s t i t u e n t  a t  a given he igh t  h ,  

x = he igh t  above h ,  and H i s  taken as a cons t an t  (he igh t  cons tan t )  but  

no t  i n  gene ra l  equal  t o  the  convent ional  " sca l e  height:." I n  our model 

a t  300 km, H i s  about 60 km f o r  O2 and 120 km f o r  0. 

and 

Using E q s .  1 

2 ,  l e t t i n g  dx = d s ,  and taking zero and i n f i n i t y  as l i m i t s ,  we 

o b t a i n  

L = -  "hH 
n 

0 

(3 )  

the approximate q u a n t i t y  (R/2x) ;si dx 

E a r t h ' s  cen te r  from h ;  then i n t e g r a l  

For Z = 90°, ds  i s  rep laced  by 

where R i s  the d i s t a n c e  t o  the  

(1) hecomeo: 

' 0  

The r a t i o  of the  L's i s  

L'/L = (Rr /2H)  f (5) 

L e t t i n g  R = 6600 km, we have 

where H i s  now i n  km. 

300 km, i t  i s  one order  of magnitude l a r g e r .  Thus, the change of layer  

t h i ckness  as z goes f r o m  GO t o  30' is sigriificai;t~.y different far t he  E 

and the  F reg ions .  

A t  100 km, H i s  less than 10 km f o r  N2, but  a t  

IV. ABSORPTION AND PHOTOIONIZATION CROSS SECTION 

O u r  knowlecIg& LoLf the absorp t ion  c r o s s  s e c t  ion ,a1 though incomplete ,appears  

ii 



t o  be adequate  f o r  t h e  p re sen t  purpose, s i n c e  our computations involve  

many wavelengths and inaccurac i e s  a t  a few wavelengths have only small 

e f f e c t s  on t h e  t o t a l  ra tes .  Furthermore, a v a i l a b l e  d a t a  inc lude  many 

l i n e s  found i n  t h e  s o l a r  spectrum. Published da ta  on a b s o r p t i o n  c r o s s  

s e c t i o n s  have been reviewed (19) and some recommended va lues  f o r  0 

and N a re  given i n  t h e  Appendix. Dalgarno (20) has presented  new sets  

of recommended va lues  tor 0 acom f r o m  i L s  i o n i z a t i o n  th rc she ld  to 0.1 A 

( s e e  Appendix). 

2 

2 

The wavelengths corresponding t o  t h e  i o n i z a t i o n  th re sho ld  of 

0 0 ,  and N are, r e s p e c t i v e l y ,  1027, 911, and 796 A .  Ca lcu la t ions  2’ 2 

of pho to ion iza t ion  ra tes  r e q u i r e  both t h e  t o t a l  abso rp t ion  and t h e  

pho to ion iza t ion  c r o s s  s e c t i o n s  of these  c o n s t i t u e n t s ,  s i n c e  p a r t  of t h e  

s o l a r  u l t r v i o l e t  f l u x  i n  t h e  r eg ion  below 1027 A i s  removed by absorp- 

t i o n  processes  not  lead ing  t o  ion  production. For example, s o l a r  Lyman 

g a m  (972.5 A) can i o n i z e  0 molecules but  i s  almost e n t i r e l y  absorbed 

by N 

b u t i o n  t o  t h e  ionosphere.  

2 
molecules a t  a l t i t u d e s  above 200 km and makes n e g l i g i b l e  c o n t r i -  

2 
A s  pointed o u t  by K a t 0  (21) , p a r t  of t h e  

s o l a r  L p n  be ta  i s  absorbed by atomic oxygen, bu t  t h e  amount appears  

t o  be small (22) due t o  t h e  f a c t  t h a t  Lyman be ta  i s  broadened as  i n  

t h e  c a s e  of Lyman a ipha  ( 2 3 ) .  

Atmospheric a b s o r p t i o n  i n  t h e  s p e c t r a l  range 800-1100 A which i s  

impor tan t  t o  t h e  E r eg ion  i s  e s s e n t i a l l y  c o n t r o l l e d  by 0 

For 0 2 ,  both  t h e  a b s o r p t i o n  and and pho to ion iza t ion  c r o s s  s e c t i o n s  

have been measured by Watanabe and Marmo (24) a t  many wavelengths.  

and N2m 2 

12 



I 

But f o r  N2, published data a r e  meager and poor due t o  the  complexity of 

the N abso rp t ion  spectrum. Absorption c o e f f i c i e n t s  vary from almost  

zero t o  as high as 7600 cm i n  t h i s  r eg ion .  Some d a t a  by Itamoto 

e t  a l .  (25) 

2 
-1 

were used i n  the  present  s tudy.  

For the s p e c t r a l  region 100-800 A which i s  important t o  

the F r eg ion ,  a v a i l a b l e  da t a  a r e  r a t h e r  meager; however, the  spread i n  

the  abso rp t ion  c o e f f i c i e n t  i s  comparatively small owing t o  the  f a c t  

t h a t  ccmtlnous ahsnrptinn s e t s  in f o r  a l l  major c o n s t i t u e n t s .  The 

spread i s  probably from 100 cm to 1000 cm . For example, a t  584 A ,  

t he  absorp t ion  c o e f f i c i e n t s  of 02, N2, and 0 a r e ,  r e s p e c t i v e l y ,  540 ,  

520, and 350 cm", and a t  304 A ,  r e s p e c t i v e l y ,  300, 160, and 250 cm-'. 

The pho to ion iza t ion  y i e l d  is  also  uniformly h igh ,  nea r ly  100 percent  i n  

most cases .  Thus, e r r o r s  i n  the  c ros s  s e c t i o n  appear t o  be l e s s  s e r i o u s  

than e r r o r s  i n  atmospheric composition. 

-1 -1 

V .  PENETRATION OF SOLAR UJ, TRAVIOJdET . The s o l a r  u l t r a v i o l e t  

f l u x  a v a i l a b l e  a t  each a l t i t u d e  i s  c a l c u l a t e d  by means of the  equat ion  

I = Io exp (- z (7) 

where I and I' a r e  the i n c i d e n t  and t r ansmi t t ed  flux f o r  a given wave 

l e n g t h ,  ki = abso rp t ion  c o e f f i c i e n t  of each c o n s t i t u e n t ,  and L. i s  the  

layer i;liickiiesa fc;r each canstituent 8s g i ~ e n  tn Table 2 . Trans- 

mis s ion ,  T i n  pe rcen t ,  i s  defined by 

0 

1 

- .  

T = 100 (I/Io) 



The r e s u l t s  f o r  some of t he  wavelength a t  v e r t i c a l  

incidence a r e  shown i n  F ig .  2 .  S i m i l a r  c a l c u l a t i o n s  were made f o r  

o the r  s o l a r  z e n i t h  angles :  2 = 70.5', 84.3' and 90°. 

Fig .  2 combined w i t h  o the r  r e s u l t s  n o t  drawn i n ,  show 

t h a t  f o r  Z = Oo, r a d i a t i o n  of wavelengths.  800-1027 A i s  absorbed 

mainly i n  the  a l t i t u d e  range 100-150 km (E r e g i o n ) ,  while  r a d i a t i o n  i n  

the  range 100-800 A is absorbed mostly a t  a l t i t u d e s  140-200 km o r  the  

lzwer F r e g i o n .  Or?ly a small portion of the  s o l a r  u l t r a v i o l e t  i s  

absorbed i n  the reg ion  above 200 km a t  Z = 0' s i n c e  the abso rp t ion  

c o e f f i c i e n t  of th$gases a r e  less than 1000 cm redominant -1 a t  most wavelengths. 

An i n t e r e s t i n g  except ion is Lyman g a m ;  a t  i t s  .wavelength,  k = 7600 

cm f o r  N 2  and about 1000 cm for  02. Our r e s u l t s  f o r  the  depth of -1 -1 . 

p e n e t r a t i o n  are somewhat higher  than our previous e s t ima tes  (19) 

because the new atmospheric d e n s i t i e s  above 150 km a r e  much higher  than 

p r  e- sate 1 li t e da ta . 

The r e s u l t s  of our c a l c u l a t i o n s  were checked a g a i n s t  photo- 

graphs of s o l a r  spectrum ( 4 )  

977 A p e n e t r a t e s  t o  about 110 km and Lyman gamma down t o  200 km, i n  

agreement wi th  rocke t  observa t ions ;  no s e r i o u s  d iscrepancies  were 

found but  the  a v a i l a b l e  spec t r a  a r e  s t i l l  i n s u f f i c i e n t  t o  p e r m i t  

q u a n c i t a t i v e  comparisons. It s h z ~ l d  be b ~ r ~ e  i11 mi11d~  however, t h a t  

l abo ra to ry  abso rp t ion  c o e f f i c i e n t s  may not  be d i r e c t l y  a p p l i c a b l e  i f  

t h e  s o l a r  emission l i n e  i s  much broader than the  corresponding l i n e  

used i n  the  l abora to ry .  This  appears to be the  case  i n  Lyman gamma, 

which may be d e t e c t a b l e  a t  a l t i t u d e s  below 200 km. 

. For example, the  s o l a r  C 111 l i n e  a t  

i4 



350 

300 

250 

200 

150 

100 

60 
20 40 60 80 100 

TRANSMISSION (per cent) 
Figure 2 'Tr;insniisslon . i t  Normal l n c i d r n c r  Vrrsus A ~ L ~ L U ~ C  

for Srvrrol  Solar UV Eniissioii LlncH. Broken 
curvv i s  lor  a i r  w i t h  i ~ i I i . c L i v c  k = IclQO cni-', 

15 



I 

Fig. 2 is Also consistent with the rapid change in the 

scale height at about 120-170 km (see Fig. l), Since the maximum 

rate of absorption of most radiation in the range 100-1100 A occur in 

this altitude region, there should be considerable heating here. 

Transmission curves similar to Fig. 2 have been presented 
(261 ,  for the x-rays by Friedman 

I 

VI. PHOTOIONIZATION RATES. Mathematical expressions for the 

rate of ion-pair production in the atmosphere under the action of solar 

radiation have been derived by Chapman 

using various assumptions. 

( 2 7 , 2 8 , 2 9 )  (30 Y 31) and others 

assumes ( 2 7 )  The original Chapman theory’ 

monochromatic radiation, isothermal atmosphere, and a single gas con- 

stituent. The theory has been extended to include other assumptions 

such as varying scale height (30’31) and band absorption(28) . These 

derived expressions serve as valuable theoretical background but cannot 

be applied readily to the present conditions (varying composition, 

varying scale height, complex solar spectrum and many absorption and 

photoionization cross sections). Therefore, we have used 

numerical summatg9n of the various components as was done for the layer 

thickness L. 

- 3  -1 The photoionization rate p in ion-pair cm sec at a 

given altitude was computed according to the expression 

is theultraviolet flux for a given wavelength at the given altitude 
where I.4 
as derived by Eq. ( 3 . 7 ) ,  Qli = photoionization cross section of each 

16 



c o n s t i t u e n t  at each wavelength,  and n .  i s  the number d e n s i t y  of each 

c o n s t i t u e n t  a t  the  g iven  a l t i t u d e .  

1 

It i s  of i n t e r e s t  t o  subdivide the  t o t a l  p a t  each a l t i t u d e  

i n t o  c o n t r i b u t i o n s  from s e v e r a l  s p e c t r a l  ranges: 911-1027 A which 

i o n i z e s  only 02; 796-911 A which ion izes  both 0 and 0 

i o n i z e s  0,  02, and N2;  and 10-100 A which i s  absorbed i n  the  E reg ion .  

100-796 A which 2 ;  

The pho to ion iza t ion  r a t e s  were c a l c u l a t e d  f o r  2 = Oo, 70.5', 

84.3',  and 90'; F igs .  

Z = 84.3',  r e s p e c t i v e l y .  

of t he  four  s p e c t r a l  ranges and the s o l i d  curve wi th  two p r i n c i p a l  

maxima, €and  # , g ives  the  t o t a l  r a t e .  

3 and 4 show the  rates f o r  2 = 0' and 

The broken curves r e p r e s e n t  the  c o n t r i b u t i o n s  

F ig .  4 a l s o  shows secondary 

maxima 

105 km 

the  F1 

t o  120 

i s  due 

cussed 

0 between E and 

(E region)  and the  higher  maximum i s  a t  about 150 km (bottom of 

r eg ion ) .  

and 260 km, r e s p e c t i v e l y .  

to  the  l a r g e  s c a l e  he igh t  i n  the  r eg ion  above 150 km as d i s -  

i n  Sec t ion  I11 and i s  the bas i s  f o r  the formation of the  

. For 2 = 0 , the  lower maximum i s  a t  about 

For 2 = 84.3', the corresponding maxima have s h i f t e d  

The l a r g e r  s h i f t  of the maximum la' 

F reg ion .  2 

The pho to ion iza t ion  r a t e s  obtained i n  the  p re sen t  s tudy 

are from 20 t o  100 t i m e s  l a r g e r  than those computed by Havens, Friedman, 

and Hulburt  (5) as shown i n  Table 3 .  

1 7  
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Table 3 

PHOTOIONIZATION RATES (ION-PAIR cM-3 SEC-l) 

A l t i t u d e  (km) 150 200 25 0 300 350 

Havens e t  a l .  200 80 20 5 1.6 

P r e s e n t  s tudy 
z = oo 

~ ~- 

3900 2200 890 380 180 
-~ 

2 = goo 1 7  36 125 15 5 115 

The r e s u l t s  obtained i n  the  p r e s e n t  s tudy appear t o  be 

more i n  l i n e  wi th  the  r e q u i s i t e  r a t e s  deduced from r a d i o  measurements. 

Johnson 

- e t  a l .  (5) 

t u r e s  e x i s t i n g  i n  the  F reg ion ,  and h i s  i n d i r e c t  estimate of t h e  f l u x  

found i t  necessary to i n c r e a s e  t h e  f l u x  used by Havens (32)  

by f i f t e e n  t i m e s  i n  order  t o  account f o r  t he  high tempera- 

f o r  the  H e  I1 l i n e  a t  304 A i s  remarkably c l o s e  t o  Hin teregger ’s  (2) , 

r e s u l t s .  

The comparatively high i o n i z a t i o n  rates i n  the  F r e g i o n  

0 f o r  2 = 90 

dur ing  the  t w i l i g h t  per iod .  

on ly  by a f a c t o r  of two throughout t h e  day, but a t  150 km t he  change i s  

more than  a f a c t o r  of 10 . 

show t h a t  i o n i z a t i o n  i n  t h i s  r e g i o n  i s  not  n e g l i g i b l e  even 

The i o n i z a t i o n  rate a t  about 300 km changes 

2 

V I I .  FORMATION OF THE E X E G I 6 K ’ .  Tkie ?io coi i i ie tkg thecr%o,e f e r  

t he  formation of t h e  E reg ion  are:  (A) photo ioniza t ion  of 02, 

O2 + h $ (800-1027 A)? 0; + e 
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a s  proposed by Wulf and Deming (33)  and modified by Nico le t  ( 3 4 ) .  , 

(b) genera l  i o n i z a t i o n  of a i r  by s o f t  X-rays (10-100 A) suggested by 

V egar d (35) and Hulburt  (36) i n  1938. Many i n v e s t i g a t o r s  (37-46) 

have made s t u d i e s  t o  determine t h e  dominating process ;  however, 

t h e s e  s t u d i e s  were based on r a t h e r  incomplete d a t a  and o f t e n  on i n c o r r e c t  

assumptions such as blackbody s o l a r  spectrum. Most i n v e s t i g a t o r s  (47) 

see111 io favor t h e  X-ray t h c ~ r y  cr! t h e  ha .s i s  o f  i n t e n s i t y  measurements 

by Byram, Chubb, and Friedman 

Pressman (44 )  have g iven  reasons  f o r  no t  r e j e c t i n g  t h e  molecular 

; whi le  Watanabe, Marmo, and (7 ,26,40) 

oxygen theory .  

The p resen t  s tudy  d i f f e r s  from earlier work i n  t h a t  w e  have 

used a f l u x  (0 .6  e r g  cm-2sec-1 or about 2 . 8 ~ 1 0 "  photons cm-2sec-1) 

i n  t h e  r eg ion  800-1027 A much h igher  than  previous  estimates ( l e s s  tha.n 

0.001 e r g  cm-2sec-1 by Byram e t  a1  ( 4 0 )  and about 0.01 by Kamiyama (46) ) 

The h igher  f l u x  does n o t  appear t o  be too  high because i t  i s  about a 

f a c t o r  of two lower than  Hin te regge r ' s  va lue  (2)  a t  210 km and t h e  in-  

t e n s i t y  of Lyman be ta  obta ined  by Tousey i s  q u i t e  c o n s i s t e n t  w i th  t h e  

i n t e n s i t y  of  Lyman a l p h a .  For t h e  s o f t  X-ray r e g i o n ,  10-100 A ,  w e  have 

used the v a l u e  observed by Byram e t  a 1  (7) . 

I f  t h e  s e l e c t e d  i n t e n s i t i e s  are approxi rmte ly  c o r r e c t ,  s o f t  X- 

r a y s  c o n t r i b u t e  less than  5 percent  t o  t h e  t o t a l  i o n i z a t i o n  r a t e  i n  t h e  

E r e g i o n .  Thus, t h e  e l e c t r o n  production of t h e  normal E r eg ion  i s  appar -  

e n t l y  due t o  pho to ion iza t ion  of 0 by t h e  a c t i o n  o f  u l t r a v i o l e t  r a d i a t i o n  

i n  t h e  range  800-1027 A .  Some O+ ions a re  formed i n  t h e  upper E r eg ion  

by r a d i a t i o n  i n  t h e  s p e c t r a l  r eg ion  800-911 A which inc ludes  t h e  s t rong  

Lyman continuum o f  hydrogen. 

2 
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During t h e  time of f l a r e s ,  t he  x- ray  i n t e n s i t i e s  may be 

enhanced cons iderably  and may make a g r e a t e r  c o n t r i b u t i o n  t o  the E 

, x-ray  r eg ion  e l e c t r o n  dens i ty .  I n  f a c t ,  according t o  Friedman ( 4 8 ) ’  

- 2  -1 i n t e n s i t i e s  as high as 1.0 e r g  cm sec  have been observed. However, 

i n  view of the  d i f f i c u l t y  i n  the i n t e r p r e t a t i o n  of photon counter  

data (7) , i t  seems d e s i r a b l e  t o  study t h i s  s p e c t r a l  r eg ion  wi th  

monochromators. 

According t o  Nicclet and Aikin the  d i s s o c i a t i v e  

3 -1 -8 3 recombination rates f o r  N + i s  S X ~ O - ~  cm sec  

sec  . I f  these  r a t e s  are approximately c o r r e c t ,  the  e f f e c t i v e n e s s  of 

x-ray i o n i z a t i o n  is reduced because the slower r e a c t i o n  

and f o r  O2 3x10 cm 2 
-1 

w i l l  tend to  c o n t r o l  the  e l e c t r o n  dens i ty  i n  the  lower E reg ion .  

+ A s  we proceed upward, the  r e l a t i v e  amount of 0 ion  

i n c r e a s e s ,  a d d i t i o n a l  amount of r a d i a t i o n  i n  the  r eg ion  below 911 A 

+ 
becoming a v a i l a b l e .  

i on  may be l a r g e l y  c o n t r o l l e d  by the r e a c t i o n s .  

Following Bates ( 4 9 ) s  , the  recombination of 0 

o+ + o2 +03+ + 0 

02+ + e*01 + 0’1 (12a) 

where Eq .  12  tends t o  become the rate l i m i t i n g  process ;  on the  o the r  

hand, N 2’’ r ecombine s r a p  i d  1 y by d i s  soc i a  t i v e  r ecombina t ion.  
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Our computations show t h a t  t he  base of the E r eg ion  i s  

con t ro l l ed  mainly by Lyman be ta  and p a r t l y  by o t h e r  r a d i a t i o n  i n  the 

s p e c t r a l  r eg ion  1000-1027 A where N2 i s  very t r anspa ren t .  

i n  the case  of Z 

t o t a l  i o n i z a t i o n  rate a t  100 km and about  70 percent  a t  105 km, so t h a t  

the  e l e c t r o n  d e n s i t y  curve i n  the region 95-105 km should c l o s e l y  

approximate an i d e a l  Chapman curve.  Above t h i s  r eg ion  t h e r e  i s  

For example, 

= Oo, Lyman beta c o n t r i b u t e s  about 80 percent  of the  

inc reas ing  supe rpos i t i on  of Chapman-type curves due t o  s e v e r a l  prominent 

emission l i n e s  i n  the  s p e c t r a l  reg ion  900-1000 A. Our r e s u l t s  f o r  the 

lower E reg ion  appear t o  be i n  harmony wi th  the  d e s c r i p t i o n  by R a t c l i f f e  

and Weelces 

he igh t  v a r i e s  through t h e  day are roughly what would be expected for  an 

equ i l ib r ium Chapman layer  found i n  a n  atmosphere of s c a l e  he ight  8 km, 

with i t s  peak a t  a l e v e l  of 105 km f o r  v e r t i c a l l y  i n c i d e n t  i on iz ing  

r a d i a t i o n . "  

: "The shape of the l aye r  and the  way i n  which i t s  (50) 

The e l e c t r o n  d e n s i t y  and e f f e c t i v e  recombination i n  the  

E r eg ion  w i l l  be d iscussed  i n  Sec t ion IX.  

11111. FORMATION OF THE F REGION, A c l e a r e r  p i c t u r e  of the  

v e r t i c a l  d i s t r i b u t i o n  of e l e c t r o n  dens i ty  has  now become a v a i l a b l e  

through rocket  and s a t e l l i t e  measurements. Jackson (51) , f o r  example, 

'--- llUb L U I I D  ----&----*-.-I LI. Ub L C U  a n.---r- cw.  .I c chnr.ring I .&W. .  6.. y a k  Fn the F, r eg ion  and only a 
L 

"ledge" i n  the  F 

ground-based r a d i o  observa t ions .  I n  the  l i g h t  of the  new d a t a ,  the 

t e r m  F peak should be r ev i sed  t o  F ledge. 1 1 

reg ion  i n  p lace  of ehe peak i n f e r r e d  from numerous 1 



Ear ly  t h e o r i e s  (52) of t h e  F l aye r  have usua l ly  invoked 

two d i f f e r e n t  absorp t ion  processes  t o  explain t h e  o r i g i n  of  the two F 

reg ions ;  bu t  according to  Bradbury's hypothes is  (5 3, both " l ayers"  are 

produced by t h e  same r a d i a t i o n  and the  double l aye r  i s  due t o  the  r a p i d  

decrease  of recombination c o e f f i c i e n t  w i t h  a l t i t u d e .  Bates 

cons iders  t h i s  hypothes is  t o  be e s s e n t i a l l y  c o r r e c t .  

( 6  Y 37) 

Our s tudy of  t he  var ious  r a d i a t i o n  and r e l a t e d  c r o s s  

s e c t i o n s  has  f a i l e d  t o  ref?eal any photo ioniza t ion  process g iv ing  maxi- 

mum, noontime ra te  i n  the  F region.  As shown i n  Fig.  2,  Lyman 

gamma i s  l a r g e l y  absorbed i n  the F 

2 

r eg ion  by N 2 2 r a t h e r  than 02, so i t s  

. a b s o r p t i o n  provides  n e g l i g i b l e  amounts of i on iza t ion .  

The r a d i a t i o n  r e spons ib l e  f o r  the  i o n i z a t i o n  i n  the  F and 1 

F2 r eg ions  l i e  i n  t h e  broad s p e c t r a l  range 100- 911  A ,  with t h e  304 A 

l i n e  of He I1 as  the  s t r o n g e s t  emission l i n e  and l a r g e  c o n t r i b u t i o n s  

from the  i o n i z a t i o n  cont inua  of hydrogen and helium. 

F ig .  3,  u l t r a v i o l e t  r a d i a t i o n  i n  this range a t  v e r t i c a l  incidence 

produces a maximum i o n i z a t i o n  r a t e  a t  150 km; however, i t  should be 

emphasized t h a t  many 

invo lved . 

As shown i n  

wavelengths and s e v e r a l  abso rp t ion  processes  are  

A f u r t h e r  i n s i g h t  i n t o  t h e  product ion of the  F ledge and 1 

F2 peak can be obta ined  wi th  the  a i d  of F ig .  

pho to ion iza t ion  rates f o r  d i f f e r e n t  z e n i t h  angles .  A t  s u n r i s e  t h e  maxi- 

mum i o n i z a t i o n  r a t e  $ i s  a t  about 300 km, approximately co inc id ing  

5 
with t h e  he igh t  of t h e  peak of the n igh t t ime  e l e c t r o n  dens i ty  (-10 

cm ) .  Hence, during about  an  hour pe r iod  around s u n r i s e ,  there is a 

5 which shows the  

- 3  



PHOTOIONIZATION RATE ( Ion-pa i r  cm-3 sec-1) 
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comparatively high "bui ld  up" o f  e l e c t r o n  d e n s i t y  a t  t h i s  a l t i t u d e  due 

t o  t h e  combined e f f e c t  of t h e  low recombination ra te  and r e l a t i v e l y  

high i o n i z a t i o n  r a t e .  A s  t h e  sun r i s e s ,  t h e  l o c a t i o n  of t h e  maximum 

i o n i z a t i o n  

t h e  higher  

r a t e  4 descends r a t h e r  r a p i d l y  t o  t h e  F 

recombination ra tes  found a t  lower a l t i t u d e s ,  t h e  F e l e c t r o n  

r e g i o n ,  b u t  due t o  
1 

2 

d e n s i t y  peak a t  300 km o r  somewhat lower does no t  correspondingly s h i f t  

downward; on ly  a ledge appears  i n  the  e l e c t r o n  d e n s i t y  curve and 

descends t o  about  150 km. I n  o t h e r  work, t h e  s o - c a l l e d  " s p l i t t i n g "  o r  

"b i furca t ion"  of t h e  F l a y e r  i s  t h e  r e s u l t  of t h e  enhancement and per-  

s i s t e n c e  of the F peak and t h e  movement of t h e  F ledge.  Thus, our 
2 1 

s tudy  suppor ts  t h e  work of Bradbury and o t h e r s ,  (37) , Bates (53) 

The behavior of t h e  F reg ion  i o n i z a t i o n  i s  much more complicated 

than  our simple p i c t u r e  m y  sugges t ,  and no doubt o t h e r  processes  must be 

included i n  order  t o  expla in  t h e  numerous i r r e g u l a r i t i e s  and anomalies 

observed by r a d i o  techniques.  

I n  t h e  next  s e c t i o n  w e  b r i e f l y  d i s c u s s  t h e  quest ion:  " A r e  t h e  

c a l c u l a t e d  i o n i z a t i o n  ra tes  c o n s i s t e n t  w i t h  t h e  observed e l e c t r o n  

dens i t  ies  ? I 1  

I X .  ELECTRON DENSITY AND RECOMBINATION COEFFICIENT IN THE E 

The following equation m y  be used t o  estimte t h e  AND F REGIONS. 

e l e c t r o n  d e n s i t y  and i t s  v a r i a t i o n  with t i m e :  

2 (13) dn/d t  = q - o( n 

where n = e l e c t r o n  d e n s i t y ,  q = e f f e c t i v e  e l e c t r o n  product ion ra te  and 
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d = e f f e c t i v e  recombination c o e f f i c i e n t .  Publ ished va lues  of O( show 

a wide spread;  f o r  example, Bates and Massey (54) have used 1 ~ 1 0 - ~  cm3sec-l 

fo r  t h e  E l a y e r  (a t  120 km) and Mitra and Jones (55) have repor ted  6x10'8 

c m  sec-l  a t  100 km and 1 . 6 ~ 1 0 - ~  cm sec - l  a t  140 km. The v a r i a t i o n  of 

o( w i t h  a l t i t u d e  i s  approximately represented by t h e  broken curve i n  

F i g .  6 ,  which shows a r a p i d  decrease of o( between 150 and 300 km. I n  

the following paragraphs w e  a t tempt  to  show by Eq. 13 and wi th  assumed 

v a l u e s  of o( t h a t  t h e  c a l c u l a t e d  photo ioniza t ion  ra tes  g i v e  e l e c t r o n  

d e n s i t i e s  approximately agree ing  with observed v a l u e s .  

3 3 

N e a r  t h e  bottom of  the E region a t  about  105 km, photons i n  the 

2 '  range 1000-1027 A produce most of the  e l e c t r o n s  by photo ioniza t ion  of 0 

s i n c e  t h e  a b s o r p t i o n  by 0 and N2 i s  n e g l i g i b l e .  Therefore ,  q i n  Eq. 13 

i s  n e a r l y  equal  t o  t h e  c a l c u l a t e d  photo ioniza t ion  r a t e ,  p .  The e f f e c t i v e  

r a t e  i s  v e r y  small  a t  s u n r i s e  b u t  reaches about  100 ~ m - ~ s e c - '  a f t e r  one- 

h a l f  hour and exceeds 500 ~ m - ~ s e c - l  i n  2 hours .  By numerical i n t e g r a t i o n  

and success ive  approximation,  n i s  found t o  i n c r e a s e  r a p i d l y  dur ing  t h e  

same per iod  so t h a t  w e  have quasi-equi l ibr ium, which permits  u s  t o  l e t  

dn1dt-O i n  Eq. 13. 

f o r  Z = 0 ( s e e  F i g .  5 ) ,  w e  o b t a i n  n = 2 . 4 ~ 1 0 ~  c m  

3 -3 -1 Using o( = 2 . 5 ~ 1 0 - ~  c m  s e c - l ,  q = 1400 c m  sec 

-3 which i s  t h e  c o r r e c t  

o rde r  o f  magnitude f o r  t h e  maximum e l e c t r o n  d e n s i t y  i n  t h e  E r e g i o n  ( s e e  

s o l i d  curve i n  F i g .  6 ) .  It should b e  added t h a t  x-rays produce some 

N 2 +  and 0' ions ( a s  w e l l  a s  some 0 +), t h e  former recombining more 2 

r a p i d l y  than 0, 
+ 

and t h e  l a t t e r  more s lowly.  I o n i c  composition d e t e r -  
L 

shows t h a t  0 + i s  much more preva len t  
(56) 

2 mined by Johnson e t  a1 

t h a n  0 a t  t h i s  a l t i t u d e ;  thus t h e i r  r e s u l t  tends t o  support  our c a l c u l a t i o n s ,  + 
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Furthermore, t h e  e f f e c t i v e  recombination c o e f f i c i e n t  of 2 . 5 ~ 1 0 - ~  cm3 sec-' 

a t  t h i s  a l t i t u d e  appears  t o  be compatible w i t h  t h e  process  of d i s s o c i a t i v e  

recombination of 0 
+ 

2 -  

I n  t h e  upper E reg ion  a t  about  130 km, t h e  r a d i a t i o n  i n  t h e  reg ion  

below 911 A as  w e l l  a s  r a d i a t i o n  i n  t h e  reg ion  911-1000 A plays  a n  i m -  

p o r t a n t  r o l e ,  e s p e c i a l l y  f o r  near  ver t ica l  sun. Photons i n  t h e s e  reg ions  

can i o n i z e  0 and N as  w e l l  a s  0 I t  i s  important t o  note  i n  passing 
2 2 '  + 

that NO which i s  t h e  most numerous ion  (56) a t  t h i s  a l t i t u d e  may be 

+ 
produced by one o r  more r e a c t i o n s  involving 0' and N 

(18).  S ince  N p re sumbly  d isappears  by d i s s o c i a t i v e  Bates and N i c o l e t  

recombination f a s t e r  than t h e  o t h e r  i ons  d iscussed  h e r e ,  w e  cannot l e t  

t h e  c a l c u l a t e d  photo ioniza t ion  r a t e  (2500 c m  s e c  ) equal  q .  However, 

q cannot be obtained d i r e c t l y  from p because i t  i s  necessary t o  know 

t h e  several recombination processes  and t h e i r  ra tes ,  a s  w e l l  as t h e  

number d e n s i t i e s ,  photo ioniza t ion  c ros s  s e c t i o n s ,  and t h e  s p e c t r a l  

i n t e n s i t y  d i s t r i b u t i o n .  T e n t a t i v e l y  w e  may assume t h a t  N recombines 

so r a p i d l y  t h a t  t h e  photo ioniza t ion  of  N c o n s t i t u t e s  on ly  a minor con- 

t r i b u t i o n  t o  t h e  e l e c t r o n  d e n s i t y .  Hence, f o r  t h i s  a l t i t u d e  w e  t a k e  

q equal  t o  about  one-fourth o f  p .  

1 . 7 ~ 1 0 - ~  c m  sec 

d e n s i t y .  This  d e n s i t y  i s  somewhat lower than  t h a t  f o r  t h e  105 km l e v e l ,  

and i t  seems p o s s i b l e  t h a t  t h e r e  i s  a shallow minimum i n  t h e  e l e c t r o n  

d e n s i t y  curve.  

d i scussed  by 
2 + 

2 

- 3  -1 

+ 
2 

2 

This  v a l u e  of q combined w i t h  O( = 

3 -1 5 y i e l d s  n = 1 . 7 ~ 1 0  cm-3 f o r  t h e  noontime e l e c t r o n  

Near t h e  bottom of t h e  F region a t  about  170 km, t h e  n ight t ime 
1 

e l e c t r o n  d e n s i t y  i s  about  lo4 ~ m - ~ ,  and according t o  our numerical  
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i n t e g r a t i o n ,  t h i s  d e n s i t y  i s  increased t o  lo5 cm-3 a t  t h e  end of t h e  

f i r s t  hour a f t e r  s u n r i s e .  A f t e r  t h i s  p e r i o d ,  w e  have quas i -equi l ibr ium 

a s  i n  t h e  E r eg ion .  Taking q equal  t o  about  o n e - f i f t h  t h e  c a l c u l a t e d  

photo ioniza t ion  ra te  (3500 ~ m - ~ s e c ” )  and l e t t i n g  d = 6x10-’ c m  3 sec -1 , 

5 
1 w e  o b t a i n  n = 3 . 4 ~ 1 0  

ledge;  t h i s  v a l u e  i s  i n  l i n e  w i t h  the  e l e c t r o n  d e n s i t y  curve 

The recombination c o e f f i c i e n t  =sed here i s  comparativelv h igh  but  i s  

~ m ‘ ~  as  t h e  maximum e l e c t r o n  d e n s i t y  of t h e  F 

(51) 

c o n s i s t e n t  w i th  t h e  r e l a t i v e l y  high O2 concent ra t ion  i n  our model a t -  

mosphere (Table 4 ) .  I n  o the r  words, t h e  slower recombination process  

involving 0’ i s  no t  f u l l y  e f f e c t i v e  as  t h e  r a t e  determining process .  

In t h e  F2 reg ion  a t  about  300 km, t h e  n ight t ime observed e l e c t r o n  

d e n s i t y  i s  about  2x105 cm-3 and according t o  our numerical  i n t e g r a t i o n ,  

t h i s  d e n s i t y  i s  only  doubled during t h e  f i r s t  hour a f t e r  s u n r i s e  and 

i n c r e a s e s  r a t h e r  slowly compared t o  t h e  s i t u a t i o n  a t  lower a l t i t u d e s ,  

A s  shown i n  F i g .  5 ,  t h e  photo ioniza t ion  r a t e  i s  n e a r l y  cons tan t  a f t e r  

t h e  i n i t i a l  one hour.  I f  q i n  Eq. 13 i s  c o n s t a n t ,  t h e  e l e c t r o n  d e n s i t y  

i s  g iven  by t h e  equat ion 

1 % 
n = ( q / d  ) ’  tanh (o( q ) %  t + c o n s t .  

L, and n approaches t h e  l i m i t  ( q /  d ) . 
pho to ion iza t ion  ra te  ( t h e  r e l a t ive  amount of N being less h e r e  than a t  

lower a l t i t u d e s )  and o( = 8x10-l1 cm s e c - l ,  w e  o b t a i n  n = 1 . 3 ~ 1 0  

as  t h e  maximum e l e c t r o n  d e n s i t y  which compares favorably w i t h  observed 

v a l u e s .  

I f  w e  l e t  q be one- th i rd  of t h e  

2 
3 6 -3 c m  
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Table 4. Estimated electron density,n versus altitude (h in km) e’ 

h P 4 h  ne 

5 3 95 400 1 1.2~10 electron/cm 

105 1400 1 2.4 

120 1500 % 2.0 

130 2500 t 1.9 

150 3900 k 3.0 

170 3400 t 3.8 

200 2200 t 5  

250 890 113 10 

300 380 113 13 

350 180 % 15 

400 92 & 14 
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Simi lar  estimates of e l e c t r o n  d e n s i t y  a t  o the r  a l t i t u d e s  are 

l i s t e d  i n  Table  4 and a l s o  shown by p o i n t s  i n  F i g .  6 .  The combined 

u n c e r t a i n t y  i n  our da t a  may be a s  high as  a f a c t o r  of f i v e ,  s o  t h a t  

t h e  present  estimates a r e  only semi-quant i ta t ive .  However , t h e s e  

va lues  i n d i c a t e  a maximum e l e c t r o n  d e n s i t y  a t  about 350 km, a ledge i n  

t h e  e l e c t r o n  d e n s i t y  curve a t  about 150 km, a p o s s i b l e  minimum a t  about 

130 kz, and a lower m r r i m i i m  ahout  105 km. 

X. CONCLUSION. As a summary w e  b r i e f l y  l i s t  s e v e r a l  conclusions 

which may be drawn from t h e  present  s tudy ,  a l though some of them must 

be  regarded as  t e n t a t i v e .  

1. The s o l a r  u l t r a v i o l e t  f l u x  used h e r e  l eads  t o  reasonable  

photo ioniza t ion  rates; hence,  t h e  i n t e n s i t i e s  observed by Hinteregger  

e t  a1  and Tousey e t  a1 a re  probably c o r r e c t  t o  wi th in  a f a c t o r  of f i v e  

and p o s s i b l y  a f a c t o r  of two. 

I o n i z a t i o n  i n  t h e  E region can be  explained by t h e  u l t r a v i o l e t  

- 

2. 

r a d i a t i o n  i n  t h e  s p e c t r a l  range 900-1027 A .  The base of t h e  E r e g i o n  

i s  due t o  Lyman b e t a .  S o f t  x-rays make only  a small c o n t r i b u t i o n ,  

u n l e s s  t h e  repor ted  i n t e n s i t y  i s  too low by a t  least  a n  order  of magnitude. 

3 .  Both t h e  F and F regions a r e  produced mainly by r a d i a t i o n  
1 2 

FE the range 100-900 A and Bradbury’s hypothesis  i s  e s s e n t i a l l y  c o r r e c t .  

The F ledge can be c o r r e l a t e d  t o  t h e  peak of t h e  photo ioniza t ion  ra te  

and t h e  F peak can be  a s c r i b e d  t o  t h e  combined e f f e c t  of t h e  low 

recombinat ion ra te  and t h e  comparatively high photo ioniza t ion  rate 

throughout t h e  day a t  a n  a l t i t u d e  of about  300 km. 

1 

2 
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4 .  The c a l c u l a t e d  photo ioniza t ion  rates y i e l d  quas i -equi l ibr ium 

e l e c t r o n  d e n s i t i e s  roughly agree ing  wi th  observed va lues  i n  t h e  a l t i -  

tude range 90-400 km. 

5 .  The c a l c u l a t e d  photo ioniza t ion  ra tes  are  c o n s i s t e n t  wi th  t h e  

theory t h a t  t h e  recombination r a t e  of  t h e  E r eg ion  i s  l a r g e  c o n t r o l l e d  

by t h e  d i s s o c i a t i v e  recombination of O2 . + 

6 .  The reccx&iFLztim r z t e  Fn t h e  F 

by t h e  recombination of 0' as  proposed by Bates. 

region i s  probably c o n t r o l l e d  
2 

7 .  The g r e a t e s t  u n c e r t a i n t y  i n  our c a l c u l a t i o n  i s  the  composition 

of t h e  atmosphere above 150 km. 
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APPENDIX 

A s  mentioned i n  Sec t ion  I V Y  a v a i l a b l e  d a t a  on abso rp t ion  c o e f f i -  

c i e n t  of 0 and N a re  incomplete and t h e r e  are  disagreements.  Ex- 

per imenta l  va lues  a t  many of t h e  prominent l i n e s  a re  l i s t e d  i n  Table  5 .  

For 02,  t h e  a v a i l a b l e  da t a  i s  f a i r l y  s a t i s f a c t o r y ;  a r a t h e r  dense d i s -  

t r i b u i i u i l  of absorptic:: csefficient a n d  i o n i z a t i o n  y i e l d  i n  t h e  r eg ion  

850-1100 A have been r epor t ed  by Watanabe and Marmo (24) and k-values 

a t  many wavelengths down t o  200 A have been determined by L e e  ( 5 7 ) e  

Pho to ion iza t ion  y i e l d  (24) of O2 i n  t h e  r eg ion  850-1027 A vary  be- 

tween 50 and 10077, and accord ing  t o  Wainfan e t  a1 (58) t h e  y i e l d  i s  

s i m i l a r l y  h igh  a t  s h o r t e r  wavelengths. For t h e  p re sen t  purpose, t h e  

y i e l d  m y  be taken as  equal t o  un i ty  o r  4. 

2 2 

For N t h e  u n c e r t a i n t y  i s  somewhat g r e a t e r  e s p e c i a l l y  i n  t h e  
2 

s p e c t r a l  r eg ion  800-1000 A .  

tinuum a s  i n  t h e  case  of O2 and the re  i s  a l a r g e  v a r i a t i o n  i n  t h e  

k-va lue .  It w a s  found necessary  t o  make es t imtes  from a high d i s -  

p e r s i o n  abso rp t ion  spectrum of N obtained by Ogawa ( 5 9 )  as  w e l l  as 

t o  u s e  new l a b o r a t o r y  da ta  obtained by Itamoto e t  a1 (25) .  

- 1 -  L L L ~  - 

Here , abso rp t ion  c o e f f i c i e n t s  of 10, 100, 500, and 2000 cm'l were used 

w i t h  t h e  following weight d i s t r i b u t i o n s :  5%, 45%, 45%, 5%, r e s p e c t i v e l y ;  

t h i s  method was considered p r e f e r a b l e  t o  t h e  usua l  method of u s ing  

a s i n g l e  "mean" c o e f f i c i e n t  . 

Here, w e  do not have t h e  i o n i z a t i o n  con- 

2 

For example, 

S L L U L ~ ~  *----- Lr.,-.. .-...=... nnn+in,,,,m _ v L . _ _ _ . _ _ _ _ _  I F F ?  throughout t h e  s p e c t r a l  range 850-911 A .  

For atomic oxygen, t h e  values recommended by Dalgarno (20) were used 

(see Table 6 ) .  
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Table 5 .  Absorption coefficient (k in cm-l) of N and 02 for 

some solar ultraviolet emission lines in the region 
2 

200-1000 A 

N 
2 O2 

200 
303.8 H e  II 
584.3 He I 
609.7 Mg X 
787.7 0 IV 
790.2 0 I V  
832.7 0 I11 
833.3 0 I1 
833.7 0 I11 
835.3 0 111 
903.6 C I1 
903.9 C I1 
904.5 C I1 
937.8 H I 
949.7 H I 
972.5 H I 
977.0 C I11 
989.8 N 111 

1025.7 H I 

200 
150 
520 

? 
250 
670 

92 
260 
230 
120 
300 
25 

250 
200 
90 

7600 
loo? 

? 
0.01 

300 
5 00 
540 
600 

? 
? 

6 70 
380 
340 
300 
250 
240 
2 10 
115 
160 

1000 
90 
60 
45 
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310 
290 
-. 371) 

245 
220 
185 

435 
400 
36 5 
315 
310 

Table  6 .  PHOTOIONIZATION CROSS SECTIONS QOF ATOMIC OXYGEN I N  CM2 
ACCORDING TO DALGARNO 

2 
Wavelength (A') 0- (crn2) Wavelength (Ao) 6 ( c m  ) 

911 2.6 x 153 2 . 2  x 10-18 

732 3.5 x 10'18 115 1.1 x 1 0 + 3  
100 8 . 5  1 0 - ~ 9  
83  5 . 3  1 0 - ~ 9  
70 31.7 1 0 - ~ 9  
52 2 .3  10-19 

7 32 7.6 x lo-!! 40 1 . 2  1 0 - ~ 9  
665 8.6 x 34 9 . 1  x 10'20 

22.8 2.0 x 10-20 

769 3.4 x 10-18 131 1 . 5  x 

30 6 . 8  x 
26 4 . 1  x 

. 665 1.1 10-17 
58 7 1 . 3  1 0 - l 7  
525 1.3 
47 5 1.3 10-17 22 .8  5 . 3  1 0 - ~ 9  
455 1.1 10-17 20 4.0 10 . -~9  
435 9 .8  x 15 2 .0  10-19 

5 9'.5 x 10-21 

8 3.6 x 
6 1 .6  x 

4 5 . 0  x 
1.3 x 3 2 . 1  x 

L O  10-17 2.0 6 .7 x 10- 
8 . 0  x 1 .5  6.7 x . 
7 . 8  x 1 .0  8.8 x 

0.6 2 .3  x 
0 . 5  1 .5  x 10 

21 1 . 2  10-17 2.5 . 1 . 3  x 

0 . 8  4.7 1 0 - ~ 3  

0 . 4  1.0 10-23 

-23 

1.0 10-17 0 . 3  7.0 

5 . 1  x 10- 0.12 4 . 1  1 0 - ~ 4  
3.4 x 10'18 0.10 3.8 

5 .8  x - 24 

- A-24 

9 . 2  x 0.25 
8 . 0  x 0.20 5 .0  x 10 
6 . 3  x lo-:: 0.15 4.4 x 1v 

3 7  
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